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Abstract
The RPL11-MDM2 interaction constitutes a p53 signaling pathway activated by deregulated 
ribosomal biosynthesis in response to stress. Mice bearing an MDM2C305F mutation that disrupts 
RPL11-MDM2 binding were analyzed on a high-fat diet (HFD). The Mdm2C305F/C305F mice, 
although phenotypically indistinguishable from WT mice when fed normal chow, demonstrated 
decreased fat accumulation along with improved insulin sensitivity and glucose tolerance after 
prolonged HFD feeding. We found that HFD increases expression of c-MYC and RPL11 in both 
WT and Mdm2C305F/C305F mice; however, p53 was only induced in WT but not in 
Mdm2C305F/C305F mice. Reduced p53 activity in HFD-fed Mdm2C305F/C305F mice resulted in 
higher levels of p53 down-regulated targets GLUT4 and SIRT1, leading to increased biosynthesis 
of NAD+, and increased energy expenditure. Our study reveals a role for the RPL11-MDM2-p53 
pathway in fat storage during nutrient excess and suggests that targeting this pathway may be a 
potential treatment for obesity.
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INTRODUCTION
The transcription factor p53 is a tumor suppressor, and previous studies underscore the 
importance of p53 in inhibiting cancer development (Vousden and Prives, 2009). As a 
mediator of cellular stress response, p53 plays a central role in sensing and responding to a 
variety of stresses including genotoxic damage, oncogene activation, hypoxia, and nutrient 
deprivation (Horn and Vousden, 2007). The eventual outcome of p53-mediated stress 
response depends on the cell type and context as well as the extent, duration, and origin of 
the stress (Purvis et al., 2012). Aside from the conventional functions of p53 including cell 
cycle arrest, senescence, and apoptosis, new roles for p53 in regulating cell metabolism have 
received increasing attention with regards to tumor suppression (Berkers et al., 2013; Li et 
al., 2012). For instance, p53 regulates various targets to affect insulin resistance and to 
reduce glucose metabolism through glycolysis, a metabolic pathway that favors tumor 
growth (Jiang et al., 2011; Minamino et al., 2009).
Obesity contributes to numerous systemic diseases, reduces quality of life, and shortens life 
expectancy (Stewart et al., 2009). Previous studies have demonstrated that moderate obesity 
reduces life expectancy by 2–3 years and morbid obesity a further 8–10 years (Whitlock et 
al., 2009). High-fat diet (HFD) treated animals from several studies have shown that p53 is 
induced by HFD in various tissues (Derdak et al., 2013; Minamino et al., 2009; Yokoyama et 
al., 2014). Surprisingly, pharmacologic inhibition of p53 in mice fed with HFD inhibits body 
weight gain and hepatosteatosis (Derdak et al., 2013). Similarly, genetic ablation of 
endothelial p53 increased insulin sensitivity and prevented the excess fat accumulation 
commonly observed under HFD feeding (Yokoyama et al., 2014). These studies demonstrate 
that p53 activation in mice during HFD feeding regulates global metabolism and directly 
contributes to HFD-induced obesity. However, how p53 is activated in response to HFD 
treatment and correspondingly regulates fatty acid metabolism is not fully understood.
Ribosomal biosynthesis is the most energetically demanding process in cells. As such, 
fluctuation of energy status at organismal and cellular levels will exert a profound impact on 
the overall capacity for ribosomal biosynthesis (Warner, 1999). Extracellular nutrient 
availability is a central contributor to cellular energetics and variation in nutrient availability 
is a common physiological stress affecting ribosomal biosynthesis (Deisenroth and Zhang, 
2011). Inhibition of ribosomal biosynthesis causes ribosomal stress and activates p53 
through ribosomal protein (RP) mediated suppression of MDM2 (Zhang and Lu, 2009). 
Multiple RPs have been identified that interact with MDM2 to mediate a RP-MDM2-p53 
signaling pathway that links ribosomal biogenesis to p53 stress response (Kim et al., 2014).
We have recently demonstrated that mice carrying a cysteine to phenylalanine substitution at 
residue 305 of MDM2, which specifically disrupts MDM2 binding to RPL11 (Lindstrom et 
al., 2007), exhibited accelerated onset of oncogenic c-MYC induced lymphomas (Macias et 
al., 2010; Meng et al., 2015). Moreover, the Mdm2C305F/C305F (Mdm2C305F hereafter) mice 
showed impaired p53 regulation of lipid metabolism in response to nutrient depletion (Liu et 
al., 2014). Here we studied the Mdm2C305F mice fed with a HFD ad libitum and, 
surprisingly, we found that the mutant mice are resistant to HFD-induced obesity and 
obesity-associated illnesses.
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RESULTS
Mdm2C305F mice are metabolically comparable to WT mice on a normal chow diet
When maintained under a normal chow (NC) diet ad libitum, the Mdm2C305F mice exhibited 
similar lifespan along with a slight decrease in body weight compared to WT mice (Figure 
1A) (Macias et al., 2010). Gross metabolic comparisons between WT and Mdm2C305F mice 
found no significant difference in food intake (Figure S1A), body weight gain per unit of 
food consumed (Figure S1B), total excretion of fecal matter (Figure S1C) or fecal lipid 
content (Figure S1D). Furthermore, no differences in the levels of blood glucose or 
triglycerides were detected between the WT and Mdm2C305F mice (Figures S1E and S1F). 
Glucose and insulin tolerance tests (GTT and ITT) were carried out to analyze glucose 
homeostasis in the mice. The GTT and ITT revealed no differences between the WT and 
Mdm2C305F mice (Figures S1G and S1H). Histological analysis also demonstrated no 
obvious differences in sections of adipose tissues (Figure S1I) and livers (Figure S1J) of the 
WT and Mdm2C305F mice. Thus, loss of the RPL11-MDM2 interaction by the MDM2C305F 
mutation appears to exert no significant metabolic effect in mice maintained on a NC diet.
Mdm2C305F mice are resistant to HFD-induced obesity
To investigate the effects of HFD treatment, a cohort of six-week old WT and Mdm2C305F 
male mice were fed ad libitum a diet containing 60% fat. Interestingly, the Mdm2C305F mice 
displayed resistance to HFD-induced obesity, and their body weight gain was significantly 
slower than the WT mice with an approximately 20% lower average body weight than that 
of WT mice after 20-weeks of HFD feeding (Figures 1A and 1B). We analyzed body 
composition of the mice and found that HFD-fed Mdm2C305F mice had a significantly lower 
percentage of total body fat (Figure 1C) and a correspondingly higher proportion of lean 
mass (Figure 1D) than that of WT mice, suggesting that the reduced body weight of the 
Mdm2C305F mice is primarily because of the difference in total body fat. Further study 
revealed that the epididymal white fat pads were approximately 50% smaller in the 
Mdm2C305F mice than that of WT mice (Figures 1E and 1F). To determine if the reduction 
in size of the fat pad was due to fewer cell numbers or smaller adipocytes, we examined 
adipose tissue sections and found that the average size of adipocyte was smaller in the 
Mdm2C305F adipose tissues than the WT adipose tissues (Figure 1G). A comparison 
between the average size of adipocytes (Figure 1H) and the average fat-pad weight (Figure 
1I) suggested that the reduced total fat accumulation in Mdm2C305F mice is primarily due to 
reduced size of the adipocytes.
We also evaluated the Mdm2C305F mice for obesity-associated ailments such as 
hepatosteatosis. The livers of WT mice after 20 weeks of HFD feeding were paler and 
markedly enlarged compared with those of Mdm2C305F mice (Figure 2A), though the liver 
weight relative to body weight remained unchanged (Figure 2B). Histological examination 
of hematoxylin and eosin (H&E) stained liver sections revealed the development of severe 
steatosis and clear lipid accumulation in the livers of WT but not Mdm2C305F mice (Figure 
2C). Oil-red-O staining showed that large lipid droplets accumulated diffusely in the liver of 
WT but not Mdm2C305F mice (Figure 2D). These data indicated that the Mdm2C305F mice 
are resistant to HFD induced fatty liver disease. Furthermore, non-fasting blood glucose 
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(Figure 2E) and blood triglyceride (Figure 2F) levels were lower in HFD-treated 
Mdm2C305F mice than WT mice. Obesity-associated insulin resistance, as determined by 
ITT, was significantly decreased in Mdm2C305F mice as compared to WT mice (Figure 2G). 
Correspondingly, GTT revealed that the Mdm2C305F mice exhibited improved glucose 
clearance compared to WT mice (Figure 2H). We also evaluated long-term effects of HFD 
treatment on the mice. We placed a cohort of 6-week-old WT and Mdm2C305F male mice on 
HFD and monitored their lifespan. As shown in Figure 2I, both mean and maximum lifespan 
were significantly extended in the HFD-fed Mdm2C305F mice compared to HFD-fed WT 
mice. Together, these data suggest that the MDM2C305F mutation, which disrupts RPL11-
MDM2 interaction, is sufficient to protect mice from HFD-induced, obesity-associated 
ailments, including fatty liver disease, insulin resistance, and glucose intolerance.
Mdm2C305F mice demonstrate increased energy expenditure
To begin to understand the mechanisms underlining the observed phenotypes of the HFD-
fed Mdm2C305F mice, we first measured the mice for several metabolic parameters. Food 
consumption was measured to determine whether the reduced body weight gain of the 
Mdm2C305F mice was due to a reduced food intake. We did not observe differences in daily 
food intake between the WT and Mdm2C305F mice at either the beginning (week 1) or later 
(week 20) stages of HFD treatment, although daily food intake decreased significantly for all 
mice as HFD feeding continued (Figure 3A). Equal food intake was also observed through 
cumulative food intake measurements using a metabolic chamber over a 72 h period (Figure 
S2A). Total excretion of fecal matter and lipid content in the excretion were measured to 
determine whether the Mdm2C305F mice had increased steatorrhoea—the presence of excess 
fat in the feces, a potential mechanism for decreased lipid storage during HFD feeding. No 
significant differences in either total feces excretion or lipid content were observed (Figures 
S2B and S2C). Hence, the combination of decreases in body fat gain and equal food intake 
and feces excretion suggests that the rate of energy expenditure in the HFD-fed Mdm2C305F 
mice might be altered.
We therefore measured the feed efficiency, which is a measure of the efficiency in converting 
feed mass into body mass, of the mice from the time that the body weight begins to diverge 
at 5 weeks of HFD feeding (Figure 1A). Interestingly, feed efficiency was reduced by 
approximately 50% in Mdm2C305F mice compared to WT mice (Figure 3B). 
Correspondingly, fat gain efficiency (fat accumulation per unit of food consumed) was also 
reduced approximately 50% in HFD-fed Mdm2C305F mice (Figure 3C). These results 
indicate that the energetic balance of HFD-fed Mdm2C305F mice is shifted towards increased 
energy expenditure. Total energy expenditure in animals is a sum of energy utilization 
during external physical activity and internal heat production. To determine if Mdm2C305F 
mice exhibit increased physical activity, we monitored locomotor activity in mice at 4 weeks 
of HFD treatment, prior to the development of the obesity phenotype, and found no 
differences in total moving distance during either day or night (Figures S2D-S2F). Thus, the 
increased energy expenditure in the HFD-fed Mdm2C305F mice is likely because of 
increased internal heat production. Indeed, indirect calorimetry analysis using the 
comprehensive laboratory animal monitoring system (CLAMS) showed that the heat 
production was significantly increased in HFD-fed Mdm2C305F mice during both day and 
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night compared to WT mice (Figure 3D). Correspondingly, total volume of carbon dioxide 
production (Vol. CO2) and oxygen consumption (Vol. O2) were significantly higher in HFD-
fed Mdm2C305F mice than WT mice (Figures 3E and 3F). Since no differences were 
observed in food intake or spontaneous physical activity, we therefore concluded that higher 
energy expenditure in the form of heat production in HFD-fed Mdm2C305F mice is the 
primary mechanism facilitating their resistance to adiposity and body weight gain.
HFD-driven p53 induction is attenuated in Mdm2C305F mice
Since the only alteration in the Mdm2C305F mice is the MDM2C305F mutation disrupting 
RPL11 binding, we reasoned that the metabolic alterations in the HFD-fed Mdm2C305F mice 
are likely a consequence of blocked signaling that is dependent upon this interaction. 
Previous studies have shown that excessive calorie intake increases expression of p53 in 
mouse adipose tissues (Minamino et al., 2009), and that HFD treatment can cause 
overexpression of c-MYC in mice (Kim et al., 2013; Liu et al., 2012b). We therefore 
investigated the effects of HFD on c-MYC expression and p53 activation in Mdm2C305F 
mouse adipose tissues. When maintained under NC diet, the expression of c-MYC was low 
in mouse adipose tissues of both WT and Mdm2C305F mice (Figure 4A). HFD feeding 
increased c-MYC expression in adipose tissues, and the increase was similar for both WT 
and Mdm2C305F mice (Figure 4A). HFD also increased RPL11 expression, likely a result of 
c-MYC overexpression because c-MYC can directly up-regulate ribosomal biogenesis (van 
Riggelen et al., 2010), to similar levels in WT and Mdm2C305F mice (Figure 4A), indicating 
that the MDM2C305F mutation does not affect HFD mediated induction of c-MYC and 
expression of RPL11. Conversely, HFD mediated induction of p53 expression and p53 
transcriptional activity were attenuated in Mdm2C305F mouse adipose tissues (Figures 4B 
and 4C). No previous reports demonstrate MDM2 detection by western blot in mouse 
adipose tissues presumably because the levels of MDM2 in the adipose are too low, and 
correspondingly, we were unable to detect MDM2 or MDM2-RPL11 binding from adipose 
tissue lysates. Nevertheless, given that the MDM2C305F mutation disrupting RPL11 binding 
had been shown both in vitro (Lindstrom et al., 2007) and in vivo (Macias et al., 2010), we 
considered it probable that the diminished p53 induction in the HFD-fed Mdm2C305F mouse 
adipose tissues was due to the inability of the MDM2C305F mutant to interact with RPL11 
and transduce RPL11-MDM2 dependent stress signals to p53.
In order to determine whether differentiated p53 regulation between WT and Mdm2C305F 
mice extends to the liver, as the liver is involved in converting excess nutrients into fatty 
acids to be exported and stored in adipose tissue, we tested the expression of RPL11, p21, 
and p53 in mouse livers. However, we didn’t observe any difference between WT and 
Mdm2C305F mice either with or without HFD treatment (Figure S3). MYC expression could 
not be detected in liver tissue likely due to low levels of expression and/or poor antibody 
specificity. These data suggest that the RP-MDM2-p53 pathway response to nutrient excess 
is tissue specific. The physical changes observed in the liver of Mdm2C305F mice after HFD 
feeding in Figure 2 could be indirect consequences of alterations in the adipose tissue as less 
energy expenditure in adipocytes may cause increased glucose and lipid accumulation in the 
liver of HFD-fed WT mice (Figures 3D–F).
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To further investigate the mechanisms behind the specific metabolic alterations observed 
after HFD feeding in Mdm2C305F mice, we performed real-time quantitative polymerase 
chain reaction (qRT-PCR) to evaluate additional p53 target genes with particular interest in 
genes associated with metabolism in adipose tissue (Berkers et al., 2013; Kruiswijk et al., 
2015; Liang et al., 2013). Since obesity is commonly associated with increased 
inflammation, we analyzed the expression of p53-regulated genes linked to inflammation 
and detected lower levels of proinflammatory cytokines such as Ccl2, Tnfa, Cxcl10 and 
Cd68 (Figure 4D) in Mdm2C305F mice. This finding is consistent with the hypothesis that 
the secretion of proinflammatory cytokines by adipose tissue exacerbates insulin resistance 
(Hotamisligil et al., 1993; Weisberg et al., 2003), which is correspondingly lower in the 
Mdm2C305F mice (Figure 2G). Moreover, we observed increased expression of p53 down-
regulated targets associated with glucose metabolism (Glut4) and energy expenditure 
(Ppargc1a, Ppargc1b and Sirt1) in the adipose tissue of Mdm2C305F mice compared to HFD-
fed WT mice (Figure 4E). Surprisingly, no significant changes were detected in the levels of 
p53 regulated Glut1 or Tigar, which are both involved in glycolysis, suggesting that Glut4 
may be specifically regulated by p53 in response to HFD rather than p53 generally inhibiting 
glycolysis (Figure 4E). Similarly, decreased levels of Pgm2 and Igfbp3, p53 regulated genes 
associated with glycolysis, were observed in the Mdm2C305F mice further showing that 
Glut4 expression may be independent of glycolysis. Increased expression of lipid 
metabolism genes such as Pck1 and Lipin1 were also observed in the Mdm2C305F mice, 
which is surprising as both genes are positively regulated by p53 suggesting that their 
expression after HFD feeding may be due to other factors. Generally, the Mdm2C305F mice 
exhibit decreased inflammatory cytokines along with increased levels of p53 repression 
targets Glut4, Sirt1, Ppargc1a, and Ppargc1b associated with metabolism and energy 
expenditure.
HFD-induced p53 regulates energy expenditure via the GLUT4/SIRT1 network
The glucose transporter GLUT4, a p53 repression target (Schwartzenberg-Bar-Yoseph et al., 
2004), plays a critical role in the maintenance of glucose homeostasis, and its deregulation 
has profound effects on diet-induced obesity and diabetes in humans (Shepherd and Kahn, 
1999); similarly, its down-regulation in mice leads to increased risk of obesity and diabetes 
(Abel et al., 2001; Carvalho et al., 2005). We confirmed that in adipose tissues isolated from 
mice maintained on NC diet the levels of GLUT4 expression was similar between WT and 
Mdm2C305F mice. Interestingly, the levels of GLUT4 were on average 50% higher in HFD-
fed Mdm2C305F mouse adipose tissues as compared to those of WT mouse adipose tissues 
(Figure 5A). qRT-PCR analysis demonstrated that Glut4 mRNA was similarly expressed in 
NC-fed WT and Mdm2C305F mice, but expressed at higher levels in the HFD-fed 
Mdm2C305F mice than HFD-fed WT mice (Figure 5B), consistent with increased p53 
activity (Figure 4) suppressing GLUT4 expression (Schwartzenberg-Bar-Yoseph et al., 
2004). This is also consistent with the observation that WT and Mdm2C305F mice are 
phenotypically similar when maintained on NC diet (Figure S1), but different after HFD 
treatment (Figure 1).
Recent studies have established a link between lower levels of GLUT4 and increased 
nicotinamide N-methyltransferase (NNMT) in HFD-fed WT mouse adipose tissues (Kraus 
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et al., 2014). NNMT controls energy expenditure through modulating the levels of two 
essential metabolic intermediates S-adenosylmethionine (SAM) and nicotinamide (a 
precursor of NAD+) (Kraus et al., 2014; Shlomi and Rabinowitz, 2013; Ulanovskaya et al., 
2013). Consistent with these findings, Nnmt expression was lower in adipose tissues of 
HFD-fed Mdm2C305F mice, where GLUT4 expression was higher, than that of HFD-fed WT 
mice, where GLUT4 expression was lower (Figure 5C). Lower Nnmt expression in HFD-fed 
Mdm2C305F mouse adipose tissues resulted in increased NAD+ (Figure 5D) and a higher 
NAD+/NADH ratio (Figure 5E) compared to HFD-fed WT mice.
The NAD-dependent deacetylase SIRT1 is a critical sensor and regulator of cellular energy 
status (Chalkiadaki and Guarente, 2012). SIRT1 expression can be suppressed by p53-
mediated induction of hypermethylated in cancer 1 (HIC1) (Chen et al., 2005) and 
microRNA-34a (Lee et al., 2010; Raver-Shapira et al., 2007). Consistently, in HFD-fed 
Mdm2C305F mouse adipose tissues, where p53 activity was lower, the levels of both SIRT1 
protein and mRNA were higher as compared to those of HFD-fed WT mouse adipose 
tissues, where the p53 activity was higher (Figures 5F and 5G). SIRT1 can regulate cellular 
energy metabolism by promoting transcription of nicotinamide phosphoribosyltransferase 
(NAMPT) (Chang and Guarente, 2013), a rate-limiting enzyme in the NAD+ salvage 
pathway (Yang et al., 2007). In line with the higher levels of SIRT1 in HFD-fed Mdm2C305F 
adipose tissues, the levels of Nampt transcript were higher compared to HFD-fed WT 
adipose tissues (Figure 5H). Furthermore, the transcript levels of SIRT1 targets Cd36, Cat, 
and Mlycd, all of which promote energy expenditure (Alcendor et al., 2007; Derdak et al., 
2013; Liu et al., 2012a; Wu et al., 2011), were also higher in HFD-fed Mdm2C305F mouse 
adipose tissues than in WT mouse adipose tissues (Figures 5I–K). It has been shown that 
increased NAD+ levels can enhance the catalytic activity of SIRT1 (Revollo et al., 2004). 
Thus, higher levels of NAD+ and an increased NAD+/NADH ratio in the adipose tissues of 
HFD-fed Mdm2C305F mice could promote further SIRT1 activity. Ppargc1a and Ppargc1b 
are transcription factors associated with energy expenditure and increased mitochondrial 
biogenesis (Jornayvaz and Shulman, 2010). Consistent with higher expression levels of 
Ppargc1a and Ppargc1b (Figure 4E), we detected increased mitochondrial DNA content in 
the adipocytes of Mdm2C305F mice compared to WT mice after HFD-fed, which correlates 
well with the increased energy expenditure observed in the Mdm2C305F mice (Figure 5L). 
Together, our data indicate that HFD feeding leads to stabilization of p53 and 
downregulation of GLUT4, SIRT1, Ppargc1a and Ppargc1b in WT mouse adipose tissues, 
resulting in decreased energy expenditure and increased energy storage. Disruption of 
RPL11 binding by MDM2C305F mutation attenuates p53 activation, leading to increased 
energy expenditure and decreased energy storage.
To further determine the role of p53 regulation of GLUT4 and SIRT1 in adipocytes, we 
evaluated the expression of p53 regulated metabolism genes in mouse 3T3-L1 adipocytes. 
After we induced the 3T3-L1 cells to differentiate into adipocytes (Figure S4A), we treated 
these cells with 10 μM nutlin-3, which activates p53 by inhibiting the interaction between 
MDM2 and p53, or 5nM actinomycin D (ActD), which activates p53 by inducing ribosomal 
stress (Figure S4B). Consistent with the previous observations in mouse adipose tissue and 
other publications (Chen et al., 2005; Sahin et al., 2011; Schwartzenberg-Bar-Yoseph et al., 
2004), p53 induction in 3T3-L1 adipocytes suppressed the expression of Glut4, Glut1, Sirt1, 
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Ppargc1a and Ppargc1b as well as SIRT1 targets Nampt, Mlycd, Cat and Cd36 indicating 
that p53 regulates these genes in the adipose tissue of mice (Figure S4C).
Compared to WT mice, Mdm2C305F mice exhibit improved insulin resistance and glucose 
tolerance after HFD treatment. In order to determine whether liver or adipose tissue is 
responsible for this improved phenotype, we examined the levels of phospho-AKT (S473), 
which is a critical effector of the insulin signaling pathway. Interestingly, phospho-AKT 
levels were consistently higher in the adipose tissue of Mdm2C305F mice compared to WT 
mice (Figure S5). This suggests that increased insulin signaling in the adipose tissue rather 
than the liver mediates the observed improvement in insulin resistance and glucose tolerance 
because no observable change in phospho-AKT levels were observed between liver tissue of 
Mdm2C305F and WT mice (Figure S5).
p53+/− mice demonstrate similar HFD-induced phenotype as the Mdm2C305F mice
To further determine whether the observed phenotype of HFD-fed Mdm2C305F mice is a 
consequence of reduced p53 function, we fed a cohort of 6-week old p53+/− male mice with 
the same HFD ad libitum and recorded their body weight compared to HFD-fed WT mice. 
The body weight of the p53+/− and WT mice started to diverge after 7 weeks of HFD feeding 
and the p53+/− mice demonstrated a slower increase in body weight than the WT mice 
(Figure 6A), a trend that is similar to what was observed with HFD-fed Mdm2C305F mice. 
The non-fasting blood glucose and triglyceride levels were lower in HFD-fed p53+/− mice 
than in HFD-fed WT mice (Figure 6B and 6C). The epididymal white adipose tissues were 
smaller in HFD-fed p53+/− mice than in HFD-fed WT mice (Figure 6D). Histological 
analysis also demonstrated that the average size of each adipocyte was smaller in the p53+/− 
adipose tissues than the WT adipose tissues (Figure 6E and 6F). As expected, p53 activity 
(as indicated by the levels of p21 mRNA) was lower in HFD-fed p53+/− mouse adipose 
tissues (Figure 6G). Lower p53 activity in the p53+/− mice led to higher protein levels of 
GLUT4 and SIRT1 (Figure 6H–6J). Accordingly, qRT-PCR analysis revealed higher mRNA 
levels of Glut4, Sirt1, Ppargc1a, Ppargc1b and Cat (Figures 6K–6O) along with lower 
mRNA levels of Nnmt (Figure 6P) in adipocytes of p53+/− mice compared to WT. Thus, the 
observations from HFD-fed p53+/− mice mimic the findings from the HFD-fed Mdm2C305F 
mice suggesting that the resistance to obesity and metabolic disorder observed in the HFD-
fed Mdm2C305F mice is p53 dependent.
DISCUSSION
Our results support a role for the RPL11-MDM2-p53 pathway as an intrinsic stress response 
mechanism linking c-MYC expression to ribosome biosynthesis and regulation of energy 
homeostasis. Studies have shown that c-MYC is induced in response to HFD treatment in 
various animal models (Kim et al., 2013; Liu et al., 2012b). Chronic nutrient abundance 
leads to obesity and a corresponding increase in amino acid concentration in the serum 
(Caballero et al., 1988; Newgard et al., 2009). Elevated intracellular amino acids have been 
shown to activate the mammalian target of rapamycin complex 1 (mTORC1), promoting 
global protein synthesis and increased expression of c-MYC (Gera et al., 2004; Wullschleger 
et al., 2006). The transcription factor c-MYC regulates multiple components of ribosomal 
Liu et al. Page 8
Cell Rep. Author manuscript; available in PMC 2017 August 17.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
biosynthesis including ribosomal RNA, ribosomal protein, gene products required for the 
processing of ribosomal RNA, nuclear exporters of ribosomal subunits, and factors involved 
in the initiation of mRNA translation (van Riggelen et al., 2010). The data presented here 
suggest that nutritional excess enhances c-MYC expression and engages the RPL11-MDM2-
p53 pathway to promote nutrient storage, which shortens the mouse lifespan through 
obesity-linked metabolic alterations. Mice with the MDM2C305F mutation disrupting RPL11 
binding demonstrate alleviated p53 activation, reduced obesity, decreased metabolic 
disorder, and extended lifespan. Our result is consistent with a recent study showing c-MYC 
haploinsufficient mice (c-Myc+/−) exhibit decreased body mass, higher metabolic rate, and 
longer lifespans compared to the WT mice (Hofmann et al., 2015). Moreover, mice with 
reduced p53 expression, such as p53+/− mice, respond to HFD feeding similarly as the 
Mdm2C305F mice, suggesting that the unique phenotype of the HFD-fed Mdm2C305F mice is 
because of reduced p53 activity.
Energy expenditure controlled by p53 regulation of GLUT4 and SIRT1
GLUT4 plays a major role in glucose uptake into muscle, heart, and adipocytes in response 
to rising insulin levels after feeding. In both humans and rodents with type 2 diabetes and 
obesity GLUT4 is selectively down regulated in adipose tissues (Shepherd and Kahn, 1999). 
Experiments with altered expression of Glut4 in mouse adipocytes have shown that GLUT4 
plays an essential role in type-2 diabetes and associated metabolic alterations (Abel et al., 
2001; Carvalho et al., 2005). As we have observed in the adipose tissue of HFD-fed WT, but 
not Mdm2C305F mice, there is an increase in p53 activity leading to decreased expression of 
GLUT4 and increased expression of nicotinamide N-methyltransferase (NNMT) (Figure 6). 
This finding corresponds with a recent study demonstrating that the levels of NNMT are 
reciprocally regulated with the levels of GLUT4 (Kraus et al., 2014). In mouse adipose 
tissues, NNMT decreases the levels of the two metabolic intermediates, NAD+ and S-
adenosylmethionine (SAM), which have been shown to also affect histone methylation, 
polyamine flux and SIRT1 signaling (Kraus et al., 2014; Shlomi and Rabinowitz, 2013; 
Ulanovskaya et al., 2013).
This NAD+ dependent increase in energy expenditure is at least partially mediated through 
the NAD+-dependent deacetylase SIRT1, a metabolic regulator that is activated by increased 
NAD+ levels (Canto et al., 2009). Our results show that HFD-fed Mdm2C305F mice exhibit 
increased SIRT1 expression in adipose tissue corresponding to the previously discussed 
decrease in p53 activation and increased NAD+ levels. This is consistent with previous 
findings showing that transgenic mice that moderately overexpress SIRT1 or treated with 
SIRT1 activators are protected from developing liver steatosis or insulin resistance after 
HFD feeding (Banks et al., 2008; Feige et al., 2008). Moreover, multiple studies have 
demonstrated that increase of NAD+ biosynthesis by introducing nicotinamide 
mononucleotide intermediates or the NAD+ precursor nicotinamide riboside protects mice 
from HFD-induced metabolic abnormalities (Canto et al., 2012; Yoshino et al., 2011). Based 
on these previous studies and our current data, we propose that excess nutrient availability, 
such as feeding with HFD, promotes c-MYC expression and RPL11 dependent p53 
activation, which inhibits p53 target genes including Ppargc1a, Ppargc1b, GLUT4 and 
SIRT1 to reduce NAD+ levels and energy expenditure, leading to obesity. Disruption of 
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RPL11 binding by MDM2C305F mutation blocks HFD-induced p53 activation leading to 
increased energy expenditure and improved resistance to the development of obesity (Figure 
7A).
The role of RPL11-MDM2-p53 pathway in energy expenditure
A previous study from our lab has demonstrated that fasted Mdm2C305F mice exhibit 
attenuated oxidative respiration and increased fatty acid accumulation in the liver, suggesting 
that the RPL11-MDM2-p53 pathway is involved in stimulating fatty acid oxidation in 
response to nutrient deprivation (Liu et al., 2014). Surprisingly, under conditions of nutrient 
abundance, the RPL11-MDM2-p53 pathway is necessary for fat accumulation in the liver 
and adipose tissue. Collectively, we propose that the RPL11-MDM2-p53 pathway is 
essential in balancing energy expenditure and storage in response to nutrient availability 
(Figure 7B). p53 stress response is considered to be one of the central stress response 
pathways in mammalian biology, with its effects being most obvious in the study of cancer; 
however, recent studies suggest that p53 regulates metabolism. The ability of p53 to 
maintain nutrient homeostasis may have developed as the earliest form of stress response as 
all organisms face uncertain nutrient availability. The obese phenotype of HFD-fed WT mice 
maintaining normal p53 function seems counterintuitive to the established pro-survival 
effects of p53; yet, sustained periods of nutrient abundance have only become common for 
humans recently, and are rarely observed in nature. Thus, the RP-MDM2-p53 pathway is 
activated in response to various nutrient conditions to maintain energy homeostasis and 
efficiency in nutrient utilization. We speculate that in the past this pathway could have 
facilitated fitness and survival in adverse conditions such as a harsh winter or drought in the 
wild, but may contribute to the development of obesity with the excess food available in 
modern society. The ability of p53 to regulate energetic homeostasis when presented with 
varied nutrient availability at both the cellular and organismal levels supports the hypothesis 
that p53 acts as a metabolic regulator facilitating the survival of the organism. Furthermore, 
our results implicate that the RPL11-MDM2-p53 pathway is involved in the development of 
diet-induced obesity and diabetes, which is a rapidly growing health concern for modern 
society.
EXPERIMENTAL PROCEDURES
Mice
Wild type and Mdm2C305F mice were bred and maintained on a 12h light and 12h dark cycle 
with lights on from 7:00am to 7:00pm. All mice were given standard food pellets (normal 
chow, NC) and water ad libitum. Cohorts of age-matched male mice were used for the study. 
Body weight and food intake were measured weekly. For high-fat diet (HFD) feeding 
experiments, mice were fed with HFD (Research Diet, D12492) beginning at the age of 6 
weeks. The Institutional Animal Care and Use Committee (IACUC) at the University of 
North Carolina Animal Care Facility approved all studies using animals (protocol 10-045).
Mouse calorimetry
Age-matched male mice were housed individually in metabolic chambers of an Oxymax 
system (Columbus Instruments). The first readings were taken after a 24 h acclimation 
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period. Heat production, physical activity, oxygen consumption rate (VO2) and carbon 
dioxide production (VCO2) rates were determined. VO2, VCO2, and heat were measured 
every 26 min during a 48 h period and were normalized to the body weight. Physical activity 
was determined by measuring interruptions in the infrared beams (Breaks X-beam total and 
Breaks Y-beam total).
Mouse whole-body composition and fecal lipid excretion
EchoMRI-100 quantitative magnetic resonance whole body composition analyzer (Echo 
Medical Systems) was used to measure whole-body water, fat, and lean mass. Each value 
was normalized to body weight. To analyze fecal lipid excretion, lipid content of feces was 
extracted using chloroform:methanol (2:1) and air dried in a fume hood.
Glucose and Insulin tolerance tests
Glucose homeostasis was examined via intra-peritoneal glucose tolerance test (IP-GTT) and 
intra-peritoneal insulin tolerance test (IP-ITT). IP-GTT and IP-ITT were performed 
following 15 weeks and 16 weeks, respectively, of HFD feeding. For IP-GTT, after 6 h 
fasting, mouse body weight was measured and a drop of blood was collected from tail vein 
to measure basal blood glucose level (t=0) using a glucometer (Roche, ACCU-CHEK® 
Aviva). Then D-glucose (2mg/g) was injected to the mice intraperitoneally followed by 
measurements of blood glucose level at 15, 30, 60, and 120 min. For IP-ITT, insulin (Gibco, 
#12585-014) was injected at the dosage of 1 U/kg in place of D-glucose. All other 
procedures were same as IP-GTT. The area under the curve (AUC) was calculated by the 
trapezoidal method.
Triglyceride and NAD+ measurement
Serum triglyceride was measured with Stanbio Triglyceride Liquicolor® colorimetric kit 
(Stanbio Laboratory, 2100-430) as instructed by the manufacturer. NAD+ and NADH levels 
were determined with the NAD+/NADH Quantification Colorimetric Kit (Biovision) 
according to the manufacturer’s protocol.
Histology and Oil Red O staining
Mouse liver and white adipose tissues were fixed in 10% neutral formalin in PBS for 24 h, 
and stored in 70% ethanol until they were transferred to the Histology Research Core 
Facility at UNC. H&E staining and Oil red O staining were conducted according to the 
standard protocol used in the Histology Research Core Facility at University of North 
Carolina (UNC).
qRT-PCR analysis of mRNA expression
Total RNA was prepared from mouse tissues using Trizol® Reagent (Invitrogen, 
#15596-026). RNA concentration was determined with a NanoDrop spectrophotometer 
(Thermo Scientific, NanoDrop™ 2000c) and quality was assessed by agarose gel 
electrophoresis. cDNA was synthesized using Superscript III reverse transcriptase 
(Invitrogen, 18080-051). qRT-PCR was performed with SYBR Green probes using the 
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Applied Biosystems 7900HT Fast Real-Time PCR system. Results were expressed as the 
fold-change in transcript levels.
For mitochondrial DNA copy quantification, total DNA were isolated from adipose tissue by 
using Puregene Core Kit B (Qiagen) following the manufacture’s instruction. Relative 
amounts of nuclear DNA and mtDNA were determined by qRT-PCR. We used NADH 
dehydrogenase flavoprotein 1-coding gene for quantification of nuclear DNA and 
mitochondrial cytochrome c oxidase 2-coding gene, mitochondrial D-loop for mitochondrial 
DNA quantification.
Protein analysis
For western blotting, proteins were extracted from tissues as previously described (Macias et 
al., 2010). Briefly, mouse tissue was homogenized and lysed in 0.5% NP-40 lysis buffer. 
Results detected by using either Pico or Dura enhanced chemiluminescence (ECL) systems 
(Thermo Scientific, SuperSignal™ West Dura Substrate). Antibodies: Rabbit polyclonal c-
MYC (N262; Santa Cruz); p53 (NCL-505; Novocastra); Rabbit polyclonal SIRT1 (#2028; 
Cell Signaling); Rabbit polyclonal GLUT4 (H61; Santa Cruz); Rabbit polyclonal AKT 
(#9272; Cell Signaling); Rabbit Monoclonal Phospho-AKT (Ser473) (#3787; Cell 
Signaling); Rabbit polyclonal antibodies to p21 were gifts from Dr. Yue Xiong (UNC-
Chapel Hill). Rabbit polyclonal antibodies to L11 were made in house and previously 
described (Macias et al., 2010).
Statistical analysis
Results are represented as mean ± standard error of the mean. The survival curve was 
evaluated for significance using the Log-rank (Mantel–Cox) test. Quantitative PCR data and 
immunohistochemistry quantifications were evaluated for significance using the two-tailed 
student’s t-tests. A p value <0.05 was considered significant for all analyses. Significant 
differences between experimental groups were: *P < 0.05, **P < 0.01, or ***P < 0.001.
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Figure 1. Mdm2C305F mice are refractory to HFD-induced body fat gain
(A) Body weights of WT (n=10) and Mdm2C305F (n=12) male mice fed with normal chow 
(NC), and body weights of WT (n=30) and Mdm2C305F (n=23) male mice fed a high-fat diet 
(HFD) for 20 weeks. (B) Picture of mice after 10 weeks HFD-feeding. WT: wild type 
mouse; 305: Mdm2C305F mouse. (C and D) Body composition of WT and Mdm2C305F mice 
after 6 weeks HFD treatment detected by magnetic resonance imaging (MRI) (n=4 per 
group). (E and F) Weights and picture of epididymal white adipose tissue (EWAT) after 10 
weeks of HFD treatment (n=5 per group). (G) Sections from epididymal adipose tissues 
from WT and Mdm2C305F mice stained by haematoxylin and eosin (H&E). Scale Bar 50μm. 
(H) Relative quantified size of adipocytes from (G). (I) Relative weight of epididymal white 
adipose tissue from 20 weeks HFD-fed WT and Mdm2C305F mice. Error bars, ±SEM; 
*P<0.05; **P<0.01; ***P<0.001.
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Figure 2. Mdm2C305F mice are resistant to HFD-induced obesity associated metabolic alterations 
and exhibit longer lifespan
(A) Pictures were taken of livers of WT or Mdm2C305F mice after 20 weeks HFD treatment. 
Scale Bar 2mm. (B) Liver weight in percentages of body weight for WT or Mdm2C305F 
mice fed HFD for 20 weeks. (C) H&E staining of the liver sections of WT and Mdm2C305F 
mice on HFD. Scale bar 5μm. (D) Oil-Red-O staining for lipid droplets in livers from HFD-
fed WT and Mdm2C305F mice. Scale bar 50μm. (E) Blood glucose and (F) triglycerides were 
measured in 10 weeks HFD-fed WT and Mdm2C305F mice. (G) Insulin tolerance test (ITT) 
and (H) glucose tolerance test (GTT) in WT and Mdm2C305F mice on HFD for 15 weeks 
(n=5 each group). AUC: area under the curve. (I) Mdm2C305F mice exhibited longer 
lifespans than WT mice upon long-term HFD feeding. Error bars, ±SEM; *P<0.05; 
**P<0.01.
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Figure 3. Mdm2C305F mice demonstrate increased energy expenditure
(A) Average food intake for HFD-fed WT and Mdm2C305F mice at different ages as 
indicated (n=5 each group). (B and C) Feed efficiency as indicated by body-weight gain (B) 
and body fat gain (C) per gram high-fat food consumed in WT and Mdm2C305F mice for 5 
weeks. (D–F) After 4 weeks of HFD treatment, the comprehensive laboratory animal 
monitoring system (CLAMS) measured heat generation (D), CO2 production (E), and O2 
consumption (F); bar graphs indicate average O2 consumption, CO2 or heat production 
during night and day. Error bars, ±SEM; *P<0.05; **P<0.01.
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Figure 4. Mdm2C305F mice demonstrate attenuated HFD-induced p53 activation
(A) Cell lysates from epididymal adipose tissues of WT and Mdm2C305F mice were 
analyzed by immunoblotting for c-MYC and RPL11. NC: normal chow; HFD: 10 weeks 
HFD treatment. (B) Adipose tissue lysates were analyzed by immunoblotting for expression 
levels of p53 and p21 (left). Quantification analysis by Image J was shown to the right (3 
mice each group). (C–E) qRT-PCR analysis for expression of p53 regulated targets (C) and 
p53 targets associated with inflammation (D), or p53 targets associated with metabolism (E) 
in 10 weeks HFD-fed mice adipose tissues. Error bars, ±SEM; *P<0.05; **P<0.01; *** 
P<0.001.
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Figure 5. Mdm2C305F mice demonstrate increased energy expenditure in adipose tissues
(A) Cell lysates from epididymal adipose tissues of WT and Mdm2C305F mice (n=3 each 
group) were analyzed by immunoblotting for GLUT4 expression. NC: normal chow; HFD: 
10 weeks HFD treatment. Quantification analysis by Image J was shown to the right. (B and 
C) qRT-PCR analysis of the expression of Glut4 and Nnmt in adipocytes from WT or 
Mdm2C305F mice treated with NC or HFD for 10 weeks. NAD+ level (D) and NAD+/NADH 
ratio (E) measured in adipose tissues from WT or Mdm2C305F mice treated with NC or HFD 
for 10 weeks. (F) Immunoblotting analysis for SIRT1 protein expression. NC: normal chow; 
HFD: 10 weeks HFD treatment. Quantification analysis by Image J was shown to the right. 
(G and H) The mRNA expression levels of Sirt1 and Nampt in adipose tissues from WT or 
Mdm2C305F mice treated with NC or HFD. qRT-PCR measurement of Cd36 (I), Cat (J), and 
Mlycd (K) in response to HFD treatment. (L) Mitochondrial DNA (mt-DNA) content in WT 
and Mdm2C305F mice in response to HFD treatment. mt-D, mitochondrial DNA D-loop; mt-
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Co1, mitochondrial cytochrome c oxidase 2 gene; data normalized by nuclear DNA coding 
NADH dehydrogenase flavoprotein 1 (Ndufv1). Error bars, ±SEM; *P<0.05; **P<0.01.
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Figure 6. HFD-fed p53+/− mice display similar phenotype as the HFD-fed Mdm2C305F mice
(A) WT and p53+/− mice (n=7 per group) were fed with HFD for 12 weeks; body weights 
are shown. (B and C) Blood glucose and triglycerides were measured after 12 weeks of HFD 
treatment. (D) Weights of epididymal white adipose tissue (EWAT) after 12 weeks HFD 
treatment (n=5 per group). (E) Picture of epididymal EWAT from WT and p53+/− mice after 
12 weeks of HFD treatment. (F) Relative quantified size of adipocytes from (E). (G) qRT-
PCR measurements of p21. (H–J) Immunoblotting analysis for GLUT4 and SIRT1 protein 
expression for lysates from adipose tissue after 10 weeks HFD treatment (n=3 per 
genotype). Quantification analysis by Image J was shown to the right. (K–P) qRT-PCR 
measurements of Glut4 (K), Sirt1 (L), Ppargc1a (M), Ppargc1b (N), Cat (O) and Nnmt (P) in 
adipose tissues from HFD-fed WT and p53+/− mice Error bars, ±SEM; *P<0.05; **P<0.01; 
***P<0.001.
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Figure 7. RPL11-MDM2-p53 pathway senses nutrient availability and regulates energy 
expenditure
(A) During nutrient abundance, c-MYC is activated and promotes ribosomal protein 
biosynthesis including RPL11, which can interact with and inhibit the E3 ligase function of 
WT MDM2 (Blue), to stabilize and activate p53. Activation of p53 will transcriptionally 
repress the expression of Glut4, Sirt1, Ppargc1a and Ppargc1b; consequently, mitochondrial 
biogenesis and NAD+ biosynthesis are inhibited, decreasing energy expenditure. In 
Mdm2C305F mice, where RPL11 does not bind MDM2 (Teal), p53 is not induced and energy 
expenditure is increased during conditions of nutrient abundance. The size of the circles and 
the thickness of the lines and arrows indicate levels of expression and activity.
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(B) A model depicting the role of the RPL11-MDM2-p53 pathway in regulation of energy 
expenditure under nutrient overabundance or scarcity conditions.
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